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Abstract—The design principles and radiation performances
of Mikaelian lens antennas are investigated. An innovative tech-
nique to manufacture gradient index lenses based on the variation
of the foam density is described and applied to Mikaelian
lenses. This yields low cost and lightweight lenses. The radiation
performances of a foam-based planar Mikaelian lens antenna
are simulated and measured at 60GHz. They validate the foam
technique and show the potentialities of such lens antennas.
I. INTRODUCTION
Gradient index lens antennas have many interesting fea-
tures such as their broadband behavior, ability to form multi-
ple beams (especially for the Luneburg lens) and reasonable
weight (as the frequency increases). They are therefore a good
candidate for many applications [1]–[3].
In this paper, we present a gradient index lens that has,
despite its many merits, not been exhaustively reported in the
literature: the Mikaelian lens [4], [5]. This cylindrical lens can
be seen as a section of an optical ﬁber as represented in Fig.
1(a).
The main difference of the Mikaelian lens with respect to the
Luneburg and half Maxwell ﬁsh-eye lens is its ﬂat shape (base
of the cylinder) which eases its integration to a primary source.
The paper is organized as follows. The properties of Mikaelian
lenses are ﬁrst presented. The different ways to manufacture
gradient index lenses are brieﬂy reviewed and a novel foam
based technique is described. The radiation performances of a
Mikaelian lens are numerically and experimentally character-
ized at 60GHz. Conclusions are drawn in Section V.
II. PROPERTIES OF MIKAELIAN LENSES
The Mikaelian lens is a cylindrical lens of thickness T and
radius R (see Fig. 1(b)). Its refractive index varies with the
radial distance r according to the following equation:
n(r) =
n(0)
cosh
(
π
2T r
) , with 0 ≤ r ≤ R (1)
where n(0) is the refractive index along the cylinder axis. This
lens is also called “hyperbolic cosine lens” in [6] because of its
refractive index distribution or “constant thickness Luneburg
lens” in [7] since the thickness of the lens (the height of the
cylinder) is ﬁxed contrary to the classical cylindrical Luneburg
lens used for 2D focusing.
Note also that the gradient index distribution of a Mikaelian
lens has an axial symmetry as opposed to central for Luneburg
and Maxwell ﬁsh-eye law which may be easier to manufacture.
Regarding the properties of the lens, geometrical optics pre-
dicts that the Mikaelian lens transforms a point source into a
beam of parallel rays as illustrated in Fig. 1(a,b). The near ﬁeld
mapping of Fig. 1(c) shows that a plane wave impinging on
one side of the cylinder is focused on a point at the opposite
side.
Finally, it is important to point out that the ratio T/R has a
direct impact on the refractive index dynamic. As plotted in
Fig. 2, the thicker the lens w.r.t. its radius, the smaller the
refractive index (and therefore permittivity) variation. Indeed,
the ray path length differences are then less important. For
a thin lens (T = R), the permittivity inside the dielectric
varies from a factor 1 to more than 5 whereas for a thick
lens (T = 5R), it goes only from 1 to 1.11.
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Fig. 2. Relative permittivity distribution of a dielectric Mikaelian lens as
a function of the normalized radius: inﬂuence of of the ratio thickness over
radius of the lens T/R.
III. MANUFACTURING OF GRADIENT INDEX LENSES
Many ways have been proposed to create gradient index
lenses.
Gradient index lenses have ﬁrst been fabricated using homoge-
neous dielectric shells to approximate by steps the continuous
refractive index distribution [8]. Later, the desired permittivity
proﬁle of Luneburg lenses has been obtained by controlling
the hole density in a dielectric as detailed in [9]. All these
techniques are expensive in terms of fabrication time and cost.
More recently, printed planar Luneburg lenses have been pro-
posed. The refractive index of the Luneburg lens is controlled
through a combination of meandering crossed microstrip lines
and varying their widths in [10]. A planar Luneburg lens has
also been realized using a variable printed metasurface in [11].
The desired refractive index is obtained by modulating the
surface impedance inside a parallel-plate structure.
Recently, an ingenious technological process has been devel-
oped to control the permittivity of foam materials [12], [13].
By changing the ratio between the core material of the foam
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Fig. 1. (a,b) Ray tracing inside a Mikaelian lens and (c) near electric ﬁeld mappings computed by CST Microwave Studio of a plane wave impinging on a
Mikaelian lens.
and its gas (i.e. by pressing more or less the foam) it is
possible to control, up to a certain extent, the permittivity
of the foam. More details on the pressing process and the
relation between the foam density and its permittivity are given
in [13]. This process is a cheap way to easily manufacture
very lightweight gradient index lenses. It has already been
successfully implemented for Luneburg lenses [14] and is here
applied to Mikaelian lenses.
IV. NUMERICAL FOCUSING PERFORMANCES
The radiation performances of Mikaelian lenses are inves-
tigated and numerically compared to those of Luneburg lenses.
The 3D full wave commercial software CST Microwave Studio
is used to compute the radiation characteristics of the lens
antennas.
The directivity and aperture efﬁciency of ideal Mikaelian and
Luneburg lenses are compared for various lens diameters in
Fig. 3. Let us recall that the aperture efﬁciency is the ratio
between the directivity of the lens antenna and the one of
a constant ﬁeld circular aperture of the same diameter. Both
lenses are composed of 20 homogeneous dielectric shells to
approximate the ideal continuous gradient index. The Mikalian
lens has a central relative permittivity r(0) of 2 and a
thickness T equal to 2R. The lenses are fed by a circular
open ended waveguide of diameter 2.85mm whose directivity
alone is 8.1 dB.
These radiation characteristics show that, roughly speaking,
both lenses behaves similarly. It seems that the Luneburg lens
antennas performs better than the Mikaelian lens for large
diameters (above 20λ) whereas the opposite happens for small
diameter (below 15λ). However, caution must be taken when
interpreting these results since the directivity and consequently
the aperture efﬁciency are relatively sensitive to the position
of the antenna with respect to the lens.
V. EXPERIMENTAL RADIATION PERFORMANCES IN
MILLIMETER WAVES
A. Lens Antenna Prototype
A foam based planar Mikaelian lens of thickness T =
2R = 56mm and height 3mm has been manufactured. The
lens diameter (or rather width for the planar version) is equal
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Fig. 3. Directivity and aperture efﬁciency as a function of the lens diameter
for the ideal Mikaelian (solid line) and Luneburg (dashed line) lens fed by a
circular waveguide.
TABLE I. CHARACTERISTICS AT 60 GHZ OF THE MANUFACTURED
MIKAELIAN LENS
ri [mm] εi tan δi
2.8 2.16 0.017
5.6 2.14 0.016
8.4 2.09 0.016
11.2 2.01 0.015
14 1.92 0.015
16.8 1.81 0.014
19.6 1.69 0.013
22.4 1.56 0.012
25.2 1.43 0.009
28 1.30 0.008
to 11.2λ at 60GHz.
The lens is made from the foam material Airex PXc245
[15]. Without being pressed the properties of the foam are
characterized at 60GHz: r = 1.31 and tan δ = 0.008.
The permittivity law of the Mikaelian lens is approximated by
10 values given in Table II which correspond to the 10 heights
before pressing shown in Fig. 4(a). The lens is fed by a WR15
open ended waveguide operating in the V-band (see Fig. 4(b)).
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Fig. 4. Pictures of the Mikaelian lens: (a) before being pressed and (b) pressed inside its mechanical support including the feeding waveguide. (c) Full lens
antenna system.
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Fig. 5. Radiation performances of the Mikaelian lens antenna. Normalized far ﬁeld pattern at 60GHz in the (a) H- and (b) E-planes: measurements (solid
line), simulation (dashed line). (c) Measured gain as a function of the frequency.
B. Experimental Results
The measured and simulated radiation patterns of the
Mikaelian lens antenna at 60GHz are plotted in Fig. 5(a,b).
A fairly good agreement is obtained between simulation and
measurements for both E- and H-plane. In the H-plane, the
measured half power beamwidth is equal to 4.4 ˚ , sidelobes
are below -19 dB and the cross polarization level is below -
25 dB. Note that the asymmetry in the E-plane is due to the
non-symmetry of the mechanical support. The gain patterns
in the H-plane are plotted as a function of the frequency in
Fig. 5(c). They conﬁrm the expected broadband behavior of
the lens antenna and show that the Mikaelian permittivity law
is properly respected. The measured gain and loss efﬁciency
(gain over directivity) are plotted as a function of the frequency
in Fig. 6. The gain increases from about 14 dB at 57GHz to
15 dB at 66GHz whereas the loss efﬁciency is between 35
and 39%. This low value of the loss efﬁciency are due to the
relatively high losses of the foam especially when pressed (see
the loss tangent in Table II).
VI. CONCLUSION
The design principles and performances of Mikaelian lens
antennas have been investigated. A novel way to create a
cheap and lightweight permittivity distribution from foam
TABLE II. CHARACTERISTICS OF THE MANUFACTURED MIKAELIAN
LENS
ri [mm] εi tan δi
2.8 2.16 0.017
5.6 2.14 0.016
8.4 2.09 0.016
11.2 2.01 0.015
14 1.92 0.015
16.8 1.81 0.014
19.6 1.69 0.013
22.4 1.56 0.012
25.2 1.43 0.009
28 1.30 0.008
has been proposed and applied to manufacture the lens. The
experimental results at 60GHz validate the foam technique and
potentialities of the lens.
Although the Mikaelian lens does not have the same ability as
Luneburg lenses to form multiple beams, its cylindrical shape
makes it very attractive for integrated designs.
More details are provided in [16].
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Fig. 6. Measured gain and loss efﬁciency of the Mikaelian lens antenna as
a function of the frequency.
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